The two internal transcribed spacers (ITS1 and ITS2) of rDNA of three members of the Ixodes ricinus "complex" (Acari: Ixodidae) were sequenced. Sequence variation was assessed for the North American species 1. scapularis, 1. dammini, and 1. pacificus at three levels: within individual/population, between individuals of different geographic origin within a species, and between species. Both spacers are highly variable, particularly with regard to small deletions and additions which may arise via replication slippage. Homogenization of rDNA multigene arrays for particular sequence variants appears to occur at a relatively rapid rate, since I. pacificus sequences differ from the others at numerous invariant sites, facilitating the use of these sequences to assess sibling species relationships. Based on maximum parsimony and two distance methods (unweighted pair-group with arithmetic means and neighbor-joining), sequence variation in ITS1 and ITS2 suggests that 1. scapularis and 1. dammini are not distinct species and that even individuals from geographically isolated locations are very simila. Individuals from geographically separated populations of1. pacificus appear to be relatively less closely related to each other but distinct from those of I. scapularis/dammini. In 1. scapularis/dammini, diversity within and between individuals from geographic populations contributed equally to total sequence diversity. 
ITS2 suggests that 1. scapularis and 1. dammini are not distinct species and that even individuals from geographically isolated locations are very simila. Individuals from geographically separated populations of1. pacificus appear to be relatively less closely related to each other but distinct from those of I. scapularis/dammini. In 1. scapularis/dammini, diversity within and between individuals from geographic populations contributed equally to total sequence diversity.
The status of Ixodes scapularis and Ixodes dammini as separate species (1) is a question of medical and biological importance. Like some other members of the Ixodes ricinus "complex" (2) , both species are capable of transmitting Lyme disease spirochetes (3) (4) (5) . The description of I. dammini as a (new) distinct species (1) raises questions as to whether or not the two species are equally competent as vectors of the spirochete that causes Lyme disease, especially because Lyme disease appears to be more prevalent in the northeastern and north central United States, the range of I. dammini, than in the southeastern United States, where I. scapularis occurs (6) . Of biological interest are questions of gene flow and niche divergence in zones of overlap or range contiguity between sibling or incipient species and the genetic relationships between peripheral and central populations as!. dammini expands its range (7) .
The morphological basis for separating !. scapularis and !. dammini has not always provided for consistent species identification (8) , and has recently been challenged. Indeed, Oliver et al. (9) synonomized !. dammini with !. scapularis based on hybridization/assortative mating experiments, morphometric analyses, and other studies. In the present study, we compare the nucleotide sequence of the internal transcribed spacer (ITS) of PCR-amplified rDNA of three members of the . ricinus "complex": Ixodes pacificus (from The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with (10) .
Sample Preparation. Genomic DNA extraction (11), PCR of the ITS region with 18S and 28S primers, cloning, and sequencing procedures have been noted elsewhere (12) . DNA was extracted either from single frozen nymphs or adults or from a mass of eggs (probably of mixed parentage).
[Genomic DNA extracted from an egg mass should contain population level variation, since the average individual carries most of the population-wide rDNA diversity (13) .] For PCR of the ITS1 region only, a primer was chosen in the 5.8S region based on sequence conserved between Drosophila melanogaster (14) and Anopheles gambiae (S. M. Paskewitz and F.H.C., unpublished data). The 5.8S primer, 5'-GTGAATTCTTGCTGCGTTCTTCATCAC-3', was used in conjunction with the 18S primer used for PCR of the entire ITS region. Since a HindIll site was used as a cloning restriction site in the 5' end, the presence of an internal HindIII site in ITS1 interfered with the ability to clone that entire =550-bp segment. ITS1 was sequenced from 25 different clones (17 of which also contained ITS2): of 8 l. scapularis clones, 7 were from mass egg DNA (Georgia) and 1 was from a nymph (North Carolina); of 10!. dammini clones, 6 were from mass egg DNA (Maryland) and 4 were from single nymphs from four colonies differing in geographic origin (Massachusetts, New Jersey, New York, and Wisconsin); of 7 . pacificus clones, 6 were from mass egg DNA (California) and 1 was from an adult (Arizona). The 17 ITS2 sequences included the following: 5 . scapularis clones, 4 from mass egg DNA (Georgia) and 1 from a nymph (North Carolina); 8 . dammini clones, 3 from mass egg DNA (Maryland) and 5 from single nymphs Abbreviation: ITS, internal transcribed spacer. §To whom reprint requests should be addressed.
$The sequences reported in this paper have been deposited in the GenBank database (accession nos. X63868 and L22265-L22289).
from five colonies differing in geographic origin (Maryland, Massachusetts, New Jersey, New York, and Wisconsin); 4 I. pacificus clones, 3 from mass egg DNA (California) and 1 from an adult (Arizona).
Phylogenetic Analysis of ITS Sequence. Sequences were aligned manually and the data were analyzed with programs in the PHYLIP package (J. Felsenstein, version 3.4, 1991) . Relationships between populations and species were assessed by maximum parsimony, by the unweighted pairgroup method with arithmetic means (UPGMA), and by the neighbor-joining method. Distances were calculated by the Kimura two-parameter method (15) , and input order of species and sequences was randomized. While various weighting schemes are possible, equal weight was given to each site within a sequence, the transition/transversion ratio was 2, and individual sites with deletions/additions were weighted like transitions.
Statistical Analyses. Variation between DNA sequences, indexed by the magnitude of the distance measure, was partitioned into components arising from variation within a population, between populations, and between species by using C statistics (16 Because the number of pairs increases with the number of sequences (n) according to (n2 -n)/2 and because each sequence will be represented in multiple pairwise comparisons when n > 2, degrees of freedom can be inflated and the independence of data points compromised when n > 2. Therefore, distances were measured between a sequence and a consensus sequence based on the other sequences at the appropriate level. For instance, dmean.pop is (di.con + d2.con + . . . + d,.c.n)/n, where di.con is the distance between population i and the consensus sequence. Likewise, distances between species are based on distances between their consensus sequences. This approach controls for inflated degrees of freedom and for nonindependence of data points. Also, consensus sequences at higher levels are based upon consensus sequences at lower levels, so that variation in the degree of sampling at lower levels is not reflected in relative contribution to the consensus sequence at a higher level. A consensus sequence was derived by aligning the sequences either for a given species from a geographic region or laboratory colony or across the species. From the conspecific alignment, the most common nucleotide at a variable position was used in the consensus. For interspecific comparisons using the consensus sequences, as with other alignments, gaps were inserted where necessary to align the sequences.
RESULTS
ITS Sequences. The I. dammini, I. pacificus, and I. scapularis consensus sequences for ITS1 (Fig. 1) and ITS2 (Fig.  2) exhibited much more interspecific variation than did the intervening 5.8S rRNA gene. The 5.8S region was virtually identical among the three species; the I. scapularis 5.8S sequence and secondary structure are presented elsewhere (17 As with ITS1, these and the immediately flanking (±2) sequences were significantly richer in A+T (66%, 65%, and 61%, respectively, for l. scapularis, L. dammini, and I. pacificus) than ITS2 as a whole (53%; for all species, x2 > 3.9, dfn = 1, P < 0.05).
----S: T-----TGOT GGAAAGCGCA CAAAAT--------
Intraspecific variation in ITS1 was equally attributable to deletions/additions (n = 46 among 25 subclones) and transitions/transversions (n = 49), while among ITS2 subclones (n = 17) there were 50%6 more transitions and transversions (n = 83) than deletions/additions (n = 55). For ITS1 and ITS2, the transition/transversion ratio was 1.49.
Apportioning Sequence Diversity. In general, distances between ITS1 and ITS2 sequences within a population were only slightly, if any, smaller than those between individuals from different geographic populations within the same species (Table 1) . Between-species distances were high relative to within-species distances only for species pairs containing I. pacificus. The distance between I. scapularis and I. dammini was of the same magnitude as intraspecific distances. When sequence diversity was partitioned into its components for I. scapularis and I. dammini, the betweenspecies contribution was relatively small or even negative (suggesting minimal contribution) ( Table 2 ). Most of the sequence variation for I. scapularis and I. dammini was intraspecific, and most of this represented intrapopulation variation. (Table 3) .
Parsimony Analysis. simonious trees. The 25 sequences used in the analysis represented variation within and between populations of all three species. All maximum parsimony (minimum evolution) trees shared certain features: (i) I. pacificus sequences (n = 7) clustered together, the most divergent members being more closely related to each other than to any sequence ofthe other two species; (ii) at least some I. scapularis sequences (n = 8) were more closely related to I. dammini sequences (n = 10) than to conspecific sequences, and a similar pattern held for some I. dammini sequences; and (iii) sequences derived from the same population were never all more closely related to each other than to conspecific sequences derived from other geographic localities. Also, the five localities from which I. dammini sequences originated did not cluster according to geographic proximity. Seventeen ITS2 sequences were employed in a maximumparsimony analysis that yielded the same qualitative results as for ITS1. Here, there were 69 equally parsimonious trees. Again, I. pacificus sequences (n = 4) always clustered, whereas l. scapularis (n = 5) and I. dammini (n = 8) sequences always failed to assort along currently recognized species designations.
When ITS1 and ITS2 were combined into a single sequence and the analysis was repeated, four equally parsimonious trees were obtained, from which a consensus tree was generated (Fig. 3) . The I. pacificus (n = 4) sequences clustered as a closely related group in every instance, whereas I. scapularis and I. dammini always failed to cluster according to geographic proximity of sites of origin or according to current species designations.
Distance Methods. As with maximum parsimony, both UPGMA and the neighbor-joining distance methods failed to separate I. scapularis sequences from those of l. dammini whether the analysis focused on ITS1, ITS2, or ITS1 plus ITS2. Again, l. pacificus sequences always formed a cohesive, separate assemblage.
DISCUSSION
Relationships Among Species. The results do not suggest that I. scapularis and I. dammini are members of separate species, because neither parsimony nor distance methods resolved the rapidly evolving sequence, ITS1 and ITS2 into assemblages corresponding to current species designations and because there was not even a single consistent base difference, out of over 1100 bases sequenced, between the two. Yet, I. pacificus differed from I. scapularis/dammini at numerous sites observed not to vary within any of the species. Both parsimony and distance methods based on ITS1 and/or ITS2 sequences recognized L. pacificus sequences as a subset distinct from the others.
The inference, based on sequence data, that l. scapularis and I. dammini represent a single species, is consistent with other data. For instance, ethological isolation tests in which females of a single "species" are offered a choice between males of their own and another species, and reversed tests in which males are presented with two females, fail to reveal ethological isolation between l. scapularis and L. dammini but do reveal isolation between I. scapularis/dammini and I. pacificus (9) . Postmating isolation (e.g., hybrid inviability) is Table 3 . Contribution of within-population, between-population, and between-species diversity to total sequence diversity in ITS1 and ITS2 for L. scapularis and L. dammini not detected between crosses ofI. scapularis and I. dammini but is for crosses between either of these and I. pacificus. Laboratory studies of host preference reflect little or no difference among the three species (18) and all three are competent laboratory vectors for Borrelia burgdorferi (4, 5) .
Conversely, biological differences seem to exist between the more northern populations identified as I. dammini and the more southern populations identified as I. scapularis. Field-collected northern populations are most often found on rodents as immature organisms (3, 19) and are easily collected on flags, while the southern populations are often found on lizards (20) and are seldom found when flagging. In addition, B. burgdorferi infection is common (25% in nymphs, 50% in adults) in I. dammini (21) , while it is much less common (0-0.4%) in I. scapularis (5, 22) .
These differences could reflect the range of available vertebrate hosts rather than variation inherent in the tick population. In the laboratory, larval and nymphal I. scapularis and I. dammini did not differ in host preference with regard to mice, lizards, and chickens. They preferred mice, lizards, and chickens, in that order (18) . So why the apparent difference in nature, not only in host preference and questing strategy, but in tick infection rate? In two regions other than the eastern United States where B. burgdorferi transmission occurs (in other Ixodes tick species), the presence of lizards as part of the known vertebrate host assemblage has been linked to lowered spirochete transmission (23) (24) (25) . This is true in Europe, where I. ricinus is the tick vector (26) (27) (28) , and in the western United States where I. pacificus and I. neotomae are the tick vectors (6, 29 Proc. Natl. Acad. Sci. USA 90 (1993) 10225 collected than those on corresponding homeotherms, because feeding ticks remain on lizards 3 times longer (9) . In the absence oflizard populations-in the northeastern United States, for example-immature ticks will be found predominately on rodents and birds. Lizard populations in the southern United States may in fact serve to inhibit transmission of the Lyme spirochete by an otherwise highly competent vector, while in the Northeast this zooprophylactic effect is absent (7). Species Evolution. As the time since divergence of populations increases, the geneology of DNA sequences converges on the phylogeny of the populations, and there is little gain in information by sequencing multiple genes or DNA from multiple individuals (30) . However, in the current analysis, evidence suggests that I. scapularis and I. dammini are, in fact, the same species. Thus, the problem of "lineage sorting" (DNA geneology is set before populations split) may arise. Also, with gene flow between populations, geneologies are not tree-like but contain loops (30) . Our data set addresses these potential problems in two ways: (i) multiple sequences were examined per "species," and (ii) the length of the sequences examined was large (>1000 bp for ITS1 and ITS2 combined). Theoretical simulation studies indicate that the probability of obtaining the correct tree with the neighborjoining method is high for sequences over 1000 bases in length and high for shorter sequences (500-1000 bp) where the rate of evolution is high (31) . Thus, our sample sizes and the lengths of the sequences examined should be sufficient to address the relationships between populations of I. scapularis and I. dammini. While parsimony and distance methods produced slightly different consensus phenograms, they agreed in failing to separate I. dammini populations/ sequences from those of I. scapularis. Yet I. pacificus populations and sequences were always recognized as a closely interrelated assemblage.
All three "species" shared the same hypervariable regions and similar relative contribution to intraspecific variability from base substitutions versus deletions/additions (50%o for each). ITS domains varying intraspecifically also contributed preponderately to interspecific variation, suggesting that interspecific differences reflect stochastic processes in regions experiencing little if any selective constraint. Thus, failure of parsimony and distance methods to distinguish between I. scapularis and I. dammini, while distinguishing them from I. pacificus, is indicative of a shared gene pool. Inferred relationships between I. scapularis/dammini populations did not correspond to their respective geographic proximities. This suggests that the populations shared a common ancestor in the recent past or that they are bound by gene flow.
Condusions. DNA sequencing of ITS1 and ITS2 of rDNA reveals that these sequences are highly variable in ticks, particularly with regard to small deletions and additions which may arise via replication slippage. Homogenization of rDNA arrays for particular sequence variants appears to occur at a relatively rapid rate, facilitating the use of these sequences to assess species relationships. Based on maximum parsimony and two distance methods, sequence variation in ITS1 and ITS2 provides strong evidence that I. scapularis and I. dammini are in fact a single species in which even geographically isolated populations are very similar. Similarly, isolated populations of I. pacificus are closely related to each other but are distinct from those of I. scapularis/dammini. Our results are in agreement with those from assortative mating and hybridization experiments, from morphometric and isozyme analysis, from chromosome karyotyping, and from vector competence and host preference studies.
